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With their unique photochemical properties, porphyrins have remained a central research
topic for decades. Porphyrins can self-assemble into tubular structures at acidic pHs.
However, the possibility of the disassembly of the aggregated porphyrin has not been
investigated. Furthermore, quantitative understanding of the porphyrin optical activities
is complicated by the complex interplay of the photon absorption, scattering, and
fluorescence emission that can concurrently occur in porphyrin samples. Using mesoTetrakis (4-sulfonato phenyl) porphyrin (TPPS) as the model molecule, discussed herein
is combined UV-vis extinction, Stokes-shifted fluorescence, and polarized resonance
synchronous spectroscopy (PRS2) study of porphyrin assembly and disassembly at acidic
solutions. A series of optical constants, including photon absorption, scattering, and
fluorescence emission cross-sections as well as its fluorescence and light scattering
depolarizations has been quantified. Compared to UV-vis and SSF methods, the PRS2 is
significantly more sensitive for the detection of both concentration- and time-dependent
porphyrin aggregation.
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CHAPTER I
INTRODUCTION
1.1

Fundamental properties of porphyrins
Porphyrins are heterocyclic composed of four pyrrole subunits, and they are

conjoined by four methine (meso) carbons. The parent of porphyrin is porphine (Figure
1.1), and substituted porphines are referred as porphyrins. Porphine is an 18-electron:
electron system and based on Hückel’s (4n+2) rule; porphyrins are considered highly
aromatic.1 The aromaticity of porphyrin contributes to many of their useful applications,
predominantly in the field of medicine, for examples the treatment of malignant tumors
and photodynamic therapy in macular degeneration.2, 3

Figure 1.1

Chemical structure of porphine.
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1.1.1

Porphyrin self-assembly
Self-assembly of porphyrin molecules through noncovalent interactions into

supramolecular structure are important physical processes that can leads to new
functional material design and applications in photosynthesis,4, 5 photovoltaic,6
photodynamic therapy,7, 8 and catalysis in oxidation processes.9 Porphyrins can
spontaneously assemble into higher order structure among themselves at high
concentrations10 or with external stimuli including DNA templating,11, 12 solution pH,13, 14
ionic strength,13, 15-17 or solvent compositions.18 The porphyrin physicochemical
properties including their optical spectroscopic and physiological characteristics depend
critically on the porphyrin aggregation states. 19-21 Porphyrin aggregation may reduce
their activity as contrast agents22 and sensitizers.23 A large number of experimental and
theoretical studies have been dedicated to investigate the structure, geometry, and optical
properties of the aggregated porphyrins.

Figure 1.2

Chemical structure of meso-tetrakis (4-sulfonatophenyl) porphyrin (a) free
base and its (b) diacid forms.
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Water-soluble meso-tetrakis (4-sulfonatophenyl) porphyrin (TPPS) (Figure 1.2)
was chosen as the model porphyrin due to its aggregation at different experimental
conditions (concentration, pH, and etc.), high stability, good solubility, commercial
availability, and its persistent attraction to researchers in diverse areas including
photovoltaic, metal sensing, catalysts, and biomedical applications.4, 10, 24-27 In acidic
media (usually pH < 1), the transition of tetra-anionic porphyrin into the diacid species
(H2TPPS2−) upon protonation of nitrogen atoms (Figure 1.2) has been reported
previously.28-31 Diacid species can produce both J and H-aggregates (Figure 1.3) due to
the intermolecular electrostatic interactions between the negatively charged periphery and
the positively charged core. The J-aggregates are due to the edge-to-edge interaction of
monomeric species that produce red (bathochromic) shift with respect to the monomer
extinction band. The J-aggregates formation and overall stability of the formed Jaggregates greatly depend on negatively charged sulfonate groups on monomeric TPPS.32
The H-aggregates are caused by face-to-face stacking of diacid species and produce blue
(hypsochromic) shift as a result.33

Figure 1.3

Structural models for (a) J- and (b) H-type aggregates.
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Exploring the porphyrin assembly and disassembly as well as their optical
properties is critical for photonic material design and applications. This is because
photon scattering, absorption, and emission of the aggregated porphyrin are often
significantly different from that of the isolated porphyrin. The most popular spectroscopic
methods for studying porphyrin aggregation includes UV-vis spectroscopy,34-38
fluorescence spectroscopy,10, 18, 39 Raman spectroscopy,10, 31, 40 and the resonance
synchronous spectroscopy (RS2) methods.20
1.2

Spectrofluorometers
A commercial spectrofluorometer has an instrumental setup for the collection of

emission at 90o angle to the exciting light. This instrument configuration allows for
detection of both fluorescence and scattering with limits of detection approximately three
orders of magnitude lower than UV-vis spectroscopy.41
1.2.1

Fluorescence spectroscopy
The Jablonski diagram (Figure 1.4) illustrates, that represents the electronic states

and characteristic energy transitions occur in fluorescence molecules. The lowest
vibrational states of each electronic state are represented in thick black lines (S0, S1, and
S2) and the thin black lines represent the higher energy vibrations states. Molecules in
their lowest energy electronic state (S0) can absorb photons with a given frequency and
excite to the upper electronic states (denoted S1 and S2). Prior to fluorescence emission
the excited molecules undergo internal conversion and vibrational relaxation to the
lowest vibrational energy level at the first excited electronic state S1. When the
molecular emission frequency is smaller relative to the excited frequency, off-resonance
13

or Stokes-shifted fluorescence (SSF) emission results and when emission and excitation
frequencies are exactly same, on-resonance fluorescence (ORF) results.

Figure 1.4

1.2.2

Fluorescence Jablonski diagram.

Raman and Rayleigh scattering
Figure 1.5 illustrates the energy changes that occur for both Raman and Rayleigh

scattering processes.41 Using a spectrofluorometer, both Raman and Rayleigh scattering
can be detected. During the scattering process, molecules are excited to a short-lived,
unobservable virtual state. The difference between Rayleigh and Raman scattering
phenomena is from the frequency difference between excited and scattered photons.
When the frequency difference is zero, Rayleigh scattering results and when detected
frequencies greater than or less than the excited frequency, Raman scattering results.
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Figure 1.5

1.3

Raman and Rayleigh scattering energy diagram.

Resonance synchronous spectroscopy (RS2) and polarized resonance
synchronous spectroscopy (PRS2)
Using a conventional spectrofluorometer in resonance synchronous spectral (RS2)

acquisition mode in which the excitation and emission wavelengths are set to be identical
during the entire synchronous spectral acquisition (wavelength offset = 0), enables
collection the signal from the fluorophore photon absorption, emission, resonance
Rayleigh scattering (RRS), and solvent Rayleigh scattering.42 The presence of optically
complicated fluorophore materials like aggregated TPPS, as they are simultaneous
photon absorber, scatter, and emitter, the measured RS2 signal comprises the fluorophore
photon absorption, emission, and resonance Rayleigh scattering components. It is known
that the sample inner filter effect (IFE) occurs as long as there is photon absorption at the
excitation and/or detection wavelengths in all spectrofluorometer-based measurements
including RS2 and SSF measurements. The experimental correction of the sample IFE
imposed by the fluorophore photon absorption on the combined fluorophore photon
scattering and emission contribution to experimental resonance synchronous spectrum
15

can be done following the method developed by our group using the water Raman
signal.43 Still though, the quantification of the fluorophore photon scattering and emission
contribution to the experimental RS2 spectra is significantly challenging. Especially
when the samples in which the fluorophore photon scattering and emission occur in the
same RS2 wavelength region. Other than that, RS2 measurement always comprises with
the under-sampling issue and the polarization bias from the instrument.
Understanding the photon scattering properties of fluorescent materials is
pointedly important because of the fluorophore emission can be readily be mistaken as its
photon scattering, and vice versa. The newly developed PRS2 method enables
quantitative decoupling of the photon absorption, scattering, and emission for samples
that contains simultaneous photon absorbers, scatterers, and emitters.44 The data
acquisition of PRS2 is very similar to the conventional RS2 method and both method use
conventional spectrofluorometers. The only difference is that in PRS2 both the excitation
and detection light are linearly polarized, but the excitation and detection photons are
nonpolarized in conventional RS2 measurements (strictly speaking, the excitation and
detection light in the RS2 measurements are plane polarized). The linear polarized
excitation and detection with the PRS2 method enables one to quantitatively resolve a
series of issues that limits the accuracy of the RS2 method for quantification of material
light scattering activities, and consequently their absorption and emission activities.
In order to acquire the PRS2 spectrum, the spectrofluorometer was operated in a
resonance synchronous mode with different excitation and emission polarizer
combinations. Figure 1.6 shows the most popular conﬁguration in commercial
spectroﬂuorometers. The polarized SSF emission and the resonance synchronous spectra
16

(RS2) were obtained by keeping excitation polarization unchanged vertically polarized
(V), but the detection polarization was changed to either vertically (V) or horizontally (H)
polarized (Figure 1.7 (A)).

Figure 1.6

Scheme of the instrument conﬁguration of the spectroﬂuorometer.44

Figure 1.7

Graphic representation of the notations of the spectra acquired in the (A)
polarized fluorescence and resonance synchronous spectroscopic and, (B)
G-factor spectra measurements.44

17

The solution polarized SSF signal is due to the contribution from both fluorophore
SSF and solvent Raman signal. In order to get the fluorophore-specific SSF signal, direct
solvent background subtraction is problematic. Therefore, correcting the sample IFE of
solution SSF spectra (Eq. 1.1 and Eq. 1.2) followed by the solvent SSF ( I Solv ( ) ) spectra
SSF

subtraction is the proposed way to get the fluorophore-specific polarized SSF spectra,
SSF
44
I SSF
f ,VV ( ) and I f ,VH ( ) (Eq. 1.3 and Eq. 1.4).

( Ax d x  Am d m ) / dUV
SSF ,corr
SSF ,obsd
I Solution
, VV ( )  I Solution, VV ( )  10

(2.1)

( Ax d x  Am d m ) / dUV
SSF ,corr
SSF ,obsd
I Solution
, VH ( )  I Solution, VH ( )  10

(2.2)

SSF ,corr
SSF
I SSF
f , VV ( )  I Solution, VV ( )  I Solv , VV ( )

(2.3)

SSF ,corr
SSF
I SSF
f , VH ( )  I Solution, VH ( )  I Solv , VH ( )

(2.4)

Here, dx and dm are the effective excitation and emission path lengths in the
fluorescence detection and they are instrument specific parameters, but independent of
the excitation and detection wavelengths. Experimental determination of the dx and dm
value can be achieved by following the method developed by our group using the water
Raman signal.43 The Ax and Am are the fluorophore photon absorption at the excitation
and emission wavelengths. dUV is the path length of UV-vis cuvette used for the
measurements.
The solution PRS2 signal contains contribution from solvent scattering, and
fluorophore photon scattering and fluorophore emission. The fluorophore-specific PRS2
signal was obtained, as mentioned in polarized SSF measurements, by correcting the
sample IFE of solution PRS2 spectra (Eq. 1.5 and Eq. 1.6) followed by the solvent PRS2
18

spectra subtraction. The fluorophore-specific PRS2 spectra contain fluorophore photon
RS 2
scattering and emission spectral features (Eq. 1.7 and Eq. 1.8). The d eff is the effective

path length for IFE in PRS2 measurements. The sum of effective excitation (dx) and
emission (dm) path lengths used in correcting the IFE in SSF measurements, is equal to
RS 2
the d eff .45, 46 Here, A( ) is the fluorophore UV-vis absorbance.

PRS 2，corr
PRS 2，obsd
I Solution
,VV  I Solution, VV 10

RS 2
A(  ) deff
/ dUV

PRS 2，corr
PRS 2，obsd
I Solution
,VH  I Solution, VH 10

1.3.2

RS 2
A(  ) deff
/ dUV

(2.5)
(2.6)

2
PRS 2，corr
PRS 2
I PRS
f , VV ( )  I Solution, VV ( )  I solv,VV ( )

(2.7)

2
PRS 2 ,corr
PRS 2
I PRS
f ,VH ( )  I Solution, VH ( )  I solv ,VH ( )

(2.8)

Depolarization and anisotropy
When the incident photon is fully polarized (linearly or circularly), the scattered

or emitted photon may become partially polarized or even totally unpolarized, and this
phenomenon is called depolarization.47 Anisotropy is the property of being directionally
dependent, which indicates the extent to which emission or scattering polarization is
retained.
The depolarization and anisotropy of both SSF and PRS2 can be quantified using
derived mathematical equations, published earlier by our group.44 The fluorophore SSF
SSF
depolarization can be determine from Eq. 1.10. Pf ( ) is the fluorophore SSF

depolarization. The G-factor spectrum can be determined using Eq. 1.9 where
SSF
SSF
I Solution
, HV ( ) and I Solution, HH ( ) are the ﬂuorophore polarized ﬂuorescence SSF spectra

taken with the excitation and detection polarization shown in Figure 1.7. During the
19

spectral acquisitions, the excitation polarization is horizontal (along Y-axis) but the
detection polarization is vertical (Z-axis) and horizontal (X-axis), respectively. In this
case, the number of the vertically and horizontally polarized ﬂuorophore SSF photons
and solvent Raman photons that can reach the sample detector must be the same the
entire wavelength region. Because, the degrees of the depolarization for Y-polarized
excitation light to generate Z- and X-polarized SSF photons or Raman photons are the
SSF
same. Therefore, the intensity diﬀerence between the experimental I Solution, HV ( ) and
SSF
44
I Solution
, HH ( ) spectra must be due entirely to the instrument bias.

G ( ) 

SSF
I Solution
, HV ( )

(2.9)

SSF
I Solution
, HH ( )

SSF
Once the SSF depolarization is determined, its SSF anisotropy ( r f ( ) ) is

quantified using Eq. 1.11.
SSF
f

P

( )  G (  )

r fSSF ( ) 

I SSF
f , VH ( )

(2.10)

I SSF
f , VV ( )

1  PfSSF ( )

(2.11)

1  2 PfSSF ( )
PRS 2

In order to determine the PRS2 depolarization ( Pf
PRS 2

( rf

( ) ) and anisotropy

PRS 2
2
( ) ), Eq. 1.12 and Eq. 1.13 can be used. I PRS
f ,VH ( ) and I f ,VV ( ) are the

fluorophore-specific PRS2 spectra acquired with “VH” and “VV” excitation and
detection polarization combinations, respectively.
PRS 2
f

P

( )  G ( )

20

2
I PRS
f , VH ( )
2
I PRS
f , VV ( )

(2.12)

r

1.3.3

PRS 2
f

( ) 

1  PfPRS 2 ( )
1  2 PfPRS 2 ( )

(2.13)

Extinction, absorption and scattering cross-sections
The extinction cross-section of a molecule is the sum of the absorption cross-

Ext
section and the scattering cross-section. The extinction cross-section (  f ( ) ) can be
Ext
calculated using UV-vis extinction spectra as shown Eq. 1.14.44 C f and I ( ) are the

fluorophore concentration and extinction intensity acquired from the UV-vis extinction
spectra, respectively. NA is Avogadro’s constant.



Ext
f

( ) 

I Ext ( )  2.303
C f  N   dUV

(2.14)

sca
The scattering cross-section (  f ( ) ) can be quantified using PRS2 method (Eq.

1.15) and that employs polystyrene nanoparticles (PSNP), pure photon scatter as the
external reference.44



sca
f

（ 1  Pfsca ( )) CPSNP I sca
f , VV ( )
sca
( ) 
 PSNP
( )
sca
sca
（ 1  PPSNP ( )) C f I PSNP, VV ( )

(2.15)

sca
PPSNP
( ) and Pfsca ( ) are the PSNP and fluorophore light scattering
sca
sca
depolarizations, respectively. C PSNP is the PSNP concentration. I PSNP,VV ( ) and I f ,VV ( )

are the PSNP and fluorophore polarized spectra acquired with “VV” excitation and
sca
detection polarization combinations, respectively.  PSNP ( ) is the PSNP cross-section

measured with the UV−vis measurement.
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Ab
In order to calculate the absorption cross-section (  f ( ) ), simply subtract the

scattering cross-section from the extinction cross-section as shown in Eq. 1.16.
sca
 fAb ( )   Ext
f ( )   f ( )

(2.16)

A scattering-to-extinction ratio (SER), Γ(λ) is the ratio of the fluorophore photon
scattering cross-section to its extinction cross-section (Eq. 1.17).44 The calculated Γ (λ)
define the scattering contribution to the fluorophore photon extinction spectrum.

 sca
f ( )
( )  Ext
 f ( )
1.4

(2.17)

Ratiometric bandwidth-varied PRS2 (BVPRS2) method
Ratiometric BVPRS2 is developed on the basis of the polarized resonance

synchronous spectroscopic method published earlier by our group.44 The developed
BVPRS2 technique enables quantitative separation of the material photon scattering and
fluorescence contribution to the experimental PRS2 spectra even when the material light
scattering cross-section is nonzero. In BVPRS2 spectral acquisition, fluorophore PRS2
spectra are obtained with excitation and detection polarization combination of “VH” and
“VV”, and changing bandwidth (W) from 1.0 – 2.0 nm or 2.0 – 3.0 nm with the increment
of 0.2 nm. The fluorophore-specific BVPRS2 signal was obtained, as detailed in PRS2
technique, through correcting the sample IFE of solution BVPRS2 spectra (Eq. 1.18 and
Eq. 1.19) followed by the solvent BVPRS2 spectra subtraction (Eq. 1.20 and Eq. 1.21).
PRS 2，corr
PRS 2，obsd
I Solution
,VV ( , W )  I Solution,VV ( , W )10

RS 2
A(  ) deff
/ dUV

PRS 2，corr
PRS 2，obsd
I Solution
,VH ( , W )  I Solution,VH ( , W )10

RS 2
A(  ) deff
/ dUV
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(2.148)
(2.19)

2
PRS 2，corr
PRS 2
I PRS
f , VV ( , W )  I Solution,VV ( , W )  I solv,VV ( , W )

(2.20)

2
PRS 2，corr
PRS 2
I PRS
f , VH ( , W )  I Solution, VH ( , W )  I solv ,VH ( , W )

(2.21)

𝑃𝑅𝑆2
𝑃𝑅𝑆2
The sample ratiometric BVPRS2 spectra 𝑅𝑉𝑉
(, 𝑤) and 𝑅𝑉𝐻
(, 𝑤) can be

calculated by dividing the fluorophore-specific BVPRS2 spectra from PSNP BVPRS2
spectra (Eq. 1.22 and Eq. 1.23).
PRS 2
RVV
( , W ) 

PRS2
VH

R

PRS 2
VV

R

PRS 2
VH

R

( , W ) 

( , W ) 

2
I PRS
f , VV ( , W )
PRS 2
I PSNP
, VV ( , W )

( , W )  G ( )

Cf
2C PSNP
Cf
2C PSNP

2
I PRS
f , VH ( , W )
PRS2
I PSNP
, VV ( , W )

(2.22)

(2.23)

 Ff ,VV ( )
Cf
 sca
f ,VV ( )
W
sca
sca
C PSNP  PSNP ,VV ( )
 PSNP ,VV ( )

(2.24)

 Ff ,VH ( )
Cf
 sca
f ,VV ( )
W

sca
sca
C PSNP  PSNP
 PSNP
,VV ( )
,VV ( )

(2.15)

𝑃𝑅𝑆2 (
𝑅𝑉𝑉
, 𝑤) = S𝑉𝑉 W + bvv

(2.16)

𝑃𝑅𝑆2 (
𝑅𝑉𝐻
, 𝑤) = S𝑉𝐻 W + bvv

(2.17)

In this case, Eq. 1.24 and Eq. 1.25 are rewritten as Eq. 1.26 and Eq.1.27,
respectively. Denoting the slope and intercept in Eq. 1.26 as SVV ( ) and bVV ( ) ,
respectively, and that in Eq. 1.27 as SVH ( ) and bVH ( ) , respectively, one can then
readily calculate the fluorophore fluorescence and light scattering depolarization using
Eq. 1.28 and Eq. 1.29, respectively.
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PfF (

 Ff ,VH ( ) SVH ( )
)  F

 f ,VH ( ) SVV ( )

(2.18)

 sca
b ( )
f ,VH ( )
P ( )  sca
 VH
 f ,VH ( ) bVV ( )
sca
f

(2.19)

Based on the developed theory, for the samples with no significant fluorescence,
𝑃𝑅𝑆2
the slopes (SVV (λ) or SVH (λ)) of ratiometric BVPRS2 signal (𝑅𝑉𝑉
(, 𝑤)
𝑃𝑅𝑆2
and 𝑅𝑉𝐻
(, 𝑤)) as a function of wavelength bandwidth (W) should be zero. In

opposition, for the samples with no significant photon scattering, the intercepts (bVV (λ) or
bVH (λ)) of ratiometric BVPRS2 signal as a function of wavelength bandwidth should be
zero.
Using the calculated slope (SVV (λ)) from the ratiometric BVPRS2, VV signal
𝑃𝑅𝑆2
(𝑅𝑉𝑉
(, 𝑤)) of non-scattering sample, fluorescence cross-section can be calculated (Eq.

1.30). In a similar way, using calculated intercept (bVV (λ)), scattering cross-section can be
calculated (Eq. 1.31).

 Ff ( ) 

 sca
f ( ) 

1.5

2C PSNP (1  2 PfF ( ))SVV ( )
sca
C f (1  2 PPSNP
( ))

sca
 PSNP
( )

C PSNP (1  2 Pfsca ( )) bVV ( )
sca
C f (1  2 PPSNP
( ))

(2.30)
sca
 PSNP
( )

(2.31)

Iteration PRS2 decomposition of sample UV-vis extinction spectrum.
Experimentally decomposing sample UV-vis extinction spectrum into its absorption

and scattering extinction component spectra requires combined UV-vis and PRS2
measurements.44 Prior to the PRS2 data analysis, however, one must reliably correct the
sample IFE using sample absorption in the as-acquired PRS2 spectra.44 This presents a
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dilemma that one needs to know the light scattering extinction of the PRS2 samples in
order to conduct the decomposition of the sample UV-vis extinction spectrum into its
scattering and absorption extinction component spectra. Fortunately, this dilemma can be
readily resolved using an iteration PRS2 workflow described below.
Step 1: using the sample total light extinction obtained with the UV-vis spectra to
perform the sample IFE correction in the PRS2 measurement as described previously. In
this case, the total sample extinction is assumed to be the absorption extinction, i.e, an
overestimated light absorption extinction (AOE). This leads to overcorrection of the
sample IFE in the experimental PRS2 spectra, and consequently an overestimated light
scattering extinction (SOE) and an underestimated photon absorption extinction (AUE).
Step 2: Using the underestimated photon absorption extinction from Step 1 to
correct the sample IFE in the PRS2 spectrum to obtain an underestimated light scattering
extinction (SUE) and a new overestimated light absorption extinction (AOE).
Step 3: Calculate the mean-averaged maximum estimation errors in the light
scattering extinction according to Eq. 1.32. If the 𝐸𝑟𝑟 is less than 0.01, one can simply
take the average of the SUE and SOE as the sample scattering extinction. Otherwise, use the
new overestimated light absorption extinction AOE from Step 2 to obtain a new SOE and
AUE. The step 2 and 3 iterates until Err is below 0.01.
𝑆 𝑂𝐸 −𝑆 𝑈𝐸

𝐸𝑟𝑟 = (𝑆𝑂𝐸 +𝑆𝑈𝐸 )/2
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(2.32)

CHAPTER II
MATERIAL AND METHODS
2.1

Chemicals and instruments
The polystyrene nanoparticles (PSNPs, Cat # 16688) used as the external standard

in the ratiometric BVPRS2 spectral measurements were purchased from the Polysciences,
Inc. All other chemicals were purchased from Sigma Aldrich and used as received.
Nanopure water (18.2 MΩ cm) was used in solution preparation. Thermo Scientific
Evolution 300 UV-vis spectrophotometer with 2 nm resolution was used in UV-vis
spectral acquisition. The Horiba Jobin Yvon fluoromax-4-spectrofluorometer was used to
acquire all the PRS2, BVPRS2 and Stokes-shifted fluorescence spectra. Polyethersulfone
filters with a pore size of 0.1µm was obtained from Pall Corporation, UK and used in
solution filtration. The solution pH was measured using a calibrated UB-5, ultrabasic pH
electrode.
2.2

Fluorescence, PRS2 and BVPRS2 measurements and analysis
All Stokes-shifted fluorescence, PRS2 and BVPRS2 spectra were measured with

1 cm × 1 cm cuvettes and except time dependent study, 0.3 s integration time was used in
all other spectral acquisition. Time dependent study was conducted with 0.1 s spectral
integration time. All SSF and PRS2 spectra were acquired with 2 nm monochromator slit
width. All UV-vis spectra were acquired with samples contained in 1 cm × 1 cm
cuvettes. The effective excitation and detection path length needed in correcting the
sample inner filter effect (IFE) in the fluorescence and PRS2 measurement is 0.529 and
0.620 cm, respectively, which were quantified on the basis of the sample inner filter
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effect on the water Raman signal.43 The excitation and detection wavelength bandwidths
were kept identical in specific PRS2 measurement and the value of the bandwidth varied
from 1.0 - 2.0 nm or 2.0 - 3.0 nm with increment of 0.2 nm in the BVPRS2 spectral
acquisition. The G-factor spectrum needed for correcting the instrument polarization bias
in the light scattering and fluorescence depolarization measurements are obtained with a
G-factor sample set.44 Detailed data analysis procedure including the sample inner-filtereffect correction, solvent background removal, light scattering and fluorescence
depolarization determination, and cross-section quantification are discussed in
introduction.
2.3

Filtration separation of isolated and assembled porphyrin
5 μM TPPS solution was prepared with final solution pH 0.6. The UV-vis,

Stokes-shifted fluorescence, and PRS2 spectra were measured before and after the TPPS
solution filtration. Assembled porphyrin UV-vis, Stokes-shifted fluorescence, and PRS2
spectra were obtained through spectral subtraction between the acquired spectra before
and after the filtration. As acquired UV-vis, Stokes-shifted fluorescence, and PRS2
spectra for the filtrate, were considered as the isolated porphyrin spectra.
2.4

Concentration dependent porphyrin assembly
Porphyrin aggregation was conducted at strongly acidic conditions. 10 μM TPPS

stock solution was prepared using 0.01M NaOH solution as solvent. A series of pH 0.6
sample solutions were then prepared by diluting the stock solution with 2M HCl. The
final TPPS concentrations in the sample solutions are 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5,
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0.7, 0.8, 0.9, 1, 2 and 3 μM respectively. The samples were incubated at room
temperature in dark 5 days before measurements.
2.5

Time dependent TPPS assembly and disassembly
Both TPPS assembly and disassembly were studied as a function of sample

incubation time. The TPPS assembly was performed by diluting 5 μM TPPS solution in
0.01 M NaOH into 1 μM with 2M HCl. The TPPS disassembly was conducted by
diluting a 5 μM TPPS in 2M HCl solution into 1 μM with 2M HCl. The pH of both
samples were ~0.6.
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CHAPTER III
RESULTS AND DISCUSSIONS
3.1

Significance of the work
Reliable characterization of the effects of dye aggregation on its optical properties

is challenging. Isolated fluorophores can be treated as pure light absorbers and emitters
with no significant photon scattering. In this case, one can approximate the UV-vis
spectra acquired with the isolated fluorophores as its light absorption spectra. However,
aggregated dyes can be strong light scatterers because of their large size. Accordingly,
many aggregated dyes are simultaneously photon absorbers, emitters, and scatterers. In
this case, it can be highly erroneous to claim the UV-vis extinction spectrum is the
absorption spectrum, a rather common practice in existing literature.17, 28, 32, 35, 37, 39, 40, 48-50
One must reliably decouple the complex interplay of the photon absorption, scattering,
and fluorescence emission in order to quantify the optical constants of the aggregated
dyes including their photon extinction, absorption, scattering, and fluorescence emission
cross-sections.
There are extensive reports on the optical properties of porphyrin aggregation. It
has been commonly accepted that the UV-vis extinction peaks at 490 nm and 710 nm are
the spectroscopic indicators of porphyrin aggregation. However, assignments of these
peaks have been ambiguous. As an example, numerous reports attribute the 490 nm UVvis peak as the UV-vis absorption peak of the aggregated porphyrin, 10, 30, 39, 40, 50-54 while
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Collins et al showed that resonance light scattering is an important contributor to the UVvis extinction observed in the aggregated porphyrin samples.55 The key experimental
evidence is the appearance of the peak in the 490 nm region in the resonance
synchronous spectrum acquired with the aggregated porphyrins.55 However,
quantification of the light scattering contribution to the 490 nm peak has been
complicated.
Indeed, Collin’s pioneer work has made the resonance synchronous spectroscopic
one of the most used measurement methods for studying fluorophore aggregations.
Despite of its popularity, however, reliably interpreting fluorophore resonance
synchronous spectrum of aggregated fluorophores is challenging both qualitatively and
quantitatively. First, besides light scattering, the possibility of a fluorescence
contribution to the experimental resonance synchronous spectrum has not been
considered.42, 56 A series of recent studies showed that fluorescence signal can dominate
the resonance synchronous spectrum obtained with fluorescence samples.42, 44, 57 Second,
the effect of the light scattering depolarization, and the detection polarization bias in the
instrument response have not been considered in the earlier resonance synchronous
spectroscopic studies of the porphyrin light scattering.36, 58 The resonance synchronous
spectroscopic method is a fraction sampling method in which the fraction of the
fluorescence and scattered photons generated under the resonance excitation and
detection conditions depends not only on the instrument geometry, but also the material
scattering and fluorescence depolarization properties.
Reported herein is a quantitative study of the fluorophore self-assembly on its
optical properties using a combination of the UV-vis, fluorescence, PRS2 and the
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recently developed BVPRS2 methods. We choose porphyrin to serve as an excellent
model fluorophore for the following reasons. First, Porphyrin aggregates are
simultaneously photon absorbers, scatterers, and fluorescence emitters, the most optically
complex material as it will be demonstrated later in this work. As a result, the method
developed in this work will be globally applicable to any molecular fluorophores.
Second, the aggregated porphyrin have a tubular structure as revealed by cryo-electron
microscopy, small-angle X-ray scattering, transmission electron microscope (TEM),
atomic force microscopy (AFM), transient absorption microscopy (TAM) and scanning
electron microscope (SEM) measurements.7, 26, 28, 30, 48, 50, 59 This enables us to probe the
possible correlations between the light scattering and fluorescence depolarization of the
aggregated fluorophores with their geometric features. Earlier work revealed that the light
scattering depolarization correlates strongly with the geometries of solvent molecules and
plasmonic nanoparticles,60, 61 while the fluorophore fluorescence depolarization provides
insight to fluorophore mobility in solvent.
3.2

UV-vis, fluorescence, and PRS2 for isolated and aggregated TPPSs
Definitive identification of the spectral features from monomeric and aggregated

fluorophores can be challenging because the as-prepared solutions are invariably
mixtures of monomeric and aggregated fluorophores. A further complication is that the
monomeric and aggregate fluorophores can be active in photon absorbers, scatterers, and
emitters. One notable finding in this work is that the aggregated TPPSs can be readily
separated from the monomeric TPPSs through a simple membrane filtration method
described in the experimental sections. Besides the UV-vis measurements commonly
used in earlier TPPS studies, we also performed the SSF and PRS2 measurements with
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the TPPSs samples (Figure 3.1). The collective information from these measurements
enables us to not only identify the peak origins of the UV-vis peaks (monomeric vs
aggregated TPPSs), but also the physical processes responsible for observed spectral
features (absorption or scattering). The 423 nm, 490 nm, and 710 nm peaks in both the
UV-vis and PRS2 spectra in the as-prepared TPPSs solutions are all absent in the spectra
obtained with the TPPS filtrate, confirming that these spectral features are unique
markers for the aggregated TPPSs. The unique spectral feature for the isolated TPPS
includes the 435 nm and 655 nm peaks in the UV-vis spectrum and the 655 nm peak in
the experimental PRS2 spectrum. In SSF spectra, there is no detectable SSF feature when
the filtrate is excited at the 490 nm wavelength. However, under this excitation
wavelength as-prepared TPPS exhibit a strongly emission peak centered at 710 nm, and
this confirmed SSF emission at 710 nm is the characteristics of the TPPS aggregates. It is
important to note since the 490 nm peak intensities in the as-acquired PRS2 VV and VH
spectra exceeded the instrument saturation intensity specified by the vendor is 2,000,000
counts. Their intensity should be interpreted as semi-quantitative.
The reason we use the relatively concentrated TPPS sample in this filtration study
is to ensure the aggregated TPPSs have a relatively large size so it can be retained on the
filtration membrane. Since the spectral features in the UV-vis, SSF, and PRS2 difference
spectra are predominantly from the aggregated TPPSs, we referred to hereafter those
difference spectra, as the TPPS aggregate UV-vis, SSF, and PRS2 spectra, respectively.
Conversely, the spectra obtained with the filtrate are referred to as the isolated TPPS UVvis, SSF, and PRS2 spectra, while the spectra obtained as-prepared samples are referred
to as-prepared TPPS solution spectra.
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Figure 3.1

Spectral features for isolated and aggregated TPPSs.

Comparison of TPPS spectra obtained with (1st column) as-prepared aggregated TPPSs,
(2nd column) the filtrate of aggregated TPPSs, and (3rd column) the difference spectrum
between the as-prepared and filtrated TPPSs. The data in row 1 is the UV-vis extinction
spectra, row 2 and 3 are IFE-corrected polarized SSF spectra acquired with excitation
wavelength of 430 nm and 490 nm, respectively. Row 4 is the as acquired PRS2 spectra,
VV and VH. The concentration of the as-prepared TPPSs is 5 µM and pH is 0.6.
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3.3

Ratiometric BVPRS2 study of isolated and aggregated TPPSs.
RS2 and PRS2 spectra of fluorescence samples can contain both fluorescence and

light scattering signals.42, 44 Separating fluorescence and light scattering contribution is
completed with either RS2 or the conventional PRS2 measurement alone, while the
BVPRS2 spectroscopy is a self-contained method enabling experimental quantification of
fluorescence and light scattering contribution to the PRS2 signal. This is because, in
ratiometric BVPRS2 spectral measurements the light scattering contribution to the PRS2
signal is independent of the wavelength bandwidth, and the fluorescence contribution to
the PRS2 signal is linearly dependent of the wavelength bandwidth.
Figure 3.2 shows the detailed BVPRS2 study for the 423 nm aggregate peak in
PRS2 spectra. The first row in Figure 3.2 shows the as acquired UV-vis, bandwidth
varied PRS2 “VV” and “VH” spectra, respectively. During the PRS2 spectra acquisition
bandwidth of the fluorimeter was varied from 1.0 - 1.8 nm with increment of 0.2 nm. The
second raw spectra (Figure 3.2 (D) and (E)) show the IFE corrected PRS2 “VV” and
“VH” spectra using Eq. 1.18 and Eq. 1.19. Figure 3.2 (F) and (G) show the as acquired
solvent PRS2 spectra “VV” and “VH”. Subtracting the solvent PRS2 spectra from the
IFE corrected PRS2 spectra following the Eq. 1.20 and Eq. 1.21, TPPSs specific PRS2
spectra “VV” and “VH” can be obtained (Figure 3.2 (H) and (I)). Figure 3.2 (K) and (L)
show the ratiometric BVPRS2 spectra “VV” and “VH”, obtained via the ratio between
the TPPSs specific spectra and the PSNP PRS2, VV spectra (Figure 3.2 (j)) following Eq.
1.22 and 1.23. Figure 3.2 (M) spectrum shows how PRS2 depolarization changes within
the measured wavelength range.
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Figure 3.2

Detailed BVPRS2 study for the 423 nm aggregate peak in PRS2 spectra.

Experimental data obtained for 10 µM TPPS aggregated sample with (first raw) as
acquired UV-vis and PRS2 “VV” and “VH” spectra with the varying of
spectrofluorometer bandwidth, respectively. (D) and (E) IFE corrected PRS2 “VV” and
“VH” spectra, (F) and (G) solvent PRS2 “VV” and “VH” spectra, (H) and (I) TPPS
specific PRS2 “VV” and “VH” spectra, (J) PSNP PRS2 spectra VV, (K) and (L) the
TPPS ratiometric BVPRS2 spectra “VV” and “VH”, and (M) PRS2 depolarization
spectrum. (N) Optical cross-section spectra, extinction (red), absorption (blue) and
scattering cross-section (black). (O) Percentage SER spectrum. The insets are ratiometric
BVPRS2 spectral intensity as a function of wavelength bandwidth at the wavelength
marked with dashed line.
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In Figure 3.2 (N), shows optical cross-section spectra, extinction (red), absorption
(blue) and scattering cross-section (black). The scattering cross-section was calculated
using Eq. 1.31 and, bvv (ʎ) was the intercept from the ratiometric BVPRS2 spectra, as a
function of wavelength bandwidth. Extinction cross-section was calculated using UV-vis
extinction spectrum following Eq. 1.14. Absorption cross-section was calculated using
Eq. 1.16 and Eq. 1.17 was used to calculate the % SER spectrum (Figure 3.2 (O)).
Figure 3.3 shows the summarized ratiometric BVPRS2 analysis of PRS2 peaks
for isolated and aggregated TPPSs. Evidently, ratiometric BVPRS2 signal of the 423 nm,
490 nm, and 710 nm peak are independent to the wavelength bandwidth, therefore
assigned to the light scattering peaks of the aggregated TPPSs. In contrast, the
ratiometric BVPRS2 peak at 655 nm is linearly dependent on the wavelength bandwidth,
indicating that it is originated predominantly from the fluorescence emission under the
resonance excitation and detection conditions.
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Figure 3.3

Ratiometric BVPRS2 analysis of PRS2 peaks for isolated and aggregated
TPPSs.

The data in the first column is the PRS2 peak observed for isolated TPPSs at 655 nm, the
data in 2nd, 3rd, and 4th column are for the PRS2 peaks of the aggregated TPPSs at 423
nm, 490 nm, and 710 nm, respectively. The data in (first row) UV-vis extinction, (second
row) TPPSs specific PRS2 “VV” spectra, (third row) TPPSs specific PRS2 “VH” spectra,
(fourth row) the TPPSs ratiometric BVPRS2 spectra “VV” and (fifth row) the TPPSs
ratiometric BVPRS2 spectra “VH” spectra. The insets in fourth and fifth rows are
ratiometric BVPRS2 spectral intensity as a function of wavelength bandwidth for the
wavelength marked with dashed line.
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3.4

Light scattering and fluorescence depolarization and anisotropy of the
TPPSs aggregates
Fluorescence depolarization relates to the fluorophore fluorescence lifetime and

fluorophore mobility in solutions. It varies from 0, indicating that the emitted photon has
totally preserved the polarization of the excitation photons, to 1 in which the polarization
of the emitted photon are totally randomized. Fluorescence depolarization or anisotropy
has been used extensively in studying intermolecular interactions, including
protein/ligand bindings.62, 63 The fluorescence depolarization of the aggregated and
isolated porphyrin differs drastically. The fluorescence depolarization of the isolated
porphyin is close to unity (Figure 3.4 (C)), which is consistent with the fluorescence
depolarization observed for other molecular fluorophores.44 However, the fluorescence
depolarization of the aggregated porphyrin is close to 0.5 (Figure 3.4 (D)) which is
exceptionally small in comparison to values reported for other molecular assemblies
including the protein/ligand binding and in the aggregated FITCs. The fluorescence
depolarization of the monomeric and aggregated FTIC is 0.942, and 0.877, respectively.
Indeed the fluorescence depolarization of the aggregated porphyrin is, to our knowledge
the smallest among all the literature reported values.
The extraordinarily low fluorescence depolarization of the assembled porphyrin is
due most likely to the combined effects of its short fluorescence lifetime and low
diffusion coefficient. Akins et al showed that the fluorescence lifetime of the assembled
TPPSs is in the range from 0.082 ns to 0.30 ns, is more than 10 times shorter than that of
the dispersed monomer that is in the range from 3.5 ns to 9.5 ns.64 The small diffusion
coefficient of the TPPS aggregates is due to the large sizes and tubular geometries. The
wall of the tubular aggregate comprises of tens of thousands monomers,19 and there are
38

millions of solvent molecules inside the tube. Therefore, the average volume of
individual TPPS aggregates is most likely tens of thousands time larger than the isolate
TPPSs. Since the diffusion coefficient is inversely proposal to the radius of the solute,
the diffusion coefficient of the aggregated TPPSs can be hundreds to thousands time
smaller than that of the isolated TPPSs.

Figure 3.4

The fluorescence depolarization and anisotropy for the isolated and
assembled TPPSs.

SSF ,corr
SSF ,corr
(A) and (B) the SSF spectra I TPPS ,VV ( ) (red) and I TPPS ,VH ( ) (black) with 430 nm and
490 nm excitation respectively. (C) and (D) the change in depolarization (black) and
anisotropy (red) along with the emission wavelength.

While fluorescence depolarization depends on the fluorophore fluorescence
lifetime and the diffusion coefficient, light scattering depolarization depends critically on
the material geometries, but not its mobility in solutions. This is because light scattering
is instantaneous and it is unlikely for a molecule to be mobile enough to induce
significant light scattering depolarization. The light scattering depolarization of the TPPS
aggregates is 0.15 (Figure 3.5 (A) and (B)), which is drastically higher than the spherical
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PSNP nanoparticles and the aggregated FITC for which their light scattering
depolarizations are essentially zero (Figure 3.5 (C) and (D)).

Figure 3.5

The light scattering depolarization of the aggregated TPPSs, PSNPs, and
aggregated FITC samples.

The data in the first raw is the PRS2 spectra, “VV” (red) and “VH” (black) for the
aggregated TPPSs peaks at 490 nm and 710 nm, PSNPs and aggregated FITC samples,
respectively. The data in second raw is calculated depolarization for particular
wavelength.

Earlier research conducted with small molecules and the plasmonic gold
nanoparticles (AuNPs) revealed that light scattering depolarization is very sensitive to the
scatterer’s geometry. The scattering depolarization of spherical molecules such as CCl4
and gold nanospheres are below 0.03 (the limit of quantification), while the light
scattering depolarization of the rod-shape molecules such as CS2 can be as high as 0.6.60,
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The nonzero light scattering depolarization is consistent with the fact that TPPS is rod-

shaped geometry. The TEM image of the aggregated TPPSs also further confirms the
rod-shape of the aggregates (Figure 3.6).
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Figure 3.6

TEM characterization of TPPS aggregates.

TEM characterization of was done using 5 µM TPPSs aggregated sample.
3.5

Iteration PRS2 decomposition of sample extinction spectra
Using the ratiometric bandwidth-varied polarized resonance synchronous

spectroscopic (BVPRS2) method, we found that TPPSs are predominantly simultaneous
photon absorbers, emitters and scatterers under the resonance excitation and detection
conditions. Then we used the iteration PRS2 method for estimation of the TPPSs light
scattering cross-section. Figure 3.7 shows the calculated SOE and SUE when the PRS2
method was iterated the first (Figure 3.7 (A)), second (Figure 3.7 (C)), and third (Figure
3.7 (E)) times for decomposing the UV-vis extinction spectrum in Figure 3.7 (B) into its
scattering and absorption component spectra (Figure 3.7 (D) and 3.7 (F)). The estimation
error of the light scattering extinction spectrum is plotted using the logarithm scale. The
maximum relative estimation error is 5.3 x 10-3, 2.8 x 10-5, to 1.5 x 10-7, respectively after
the first, second, and third iteration. The final light scattering extinction spectra (Figure
3.7 (D)) is calculated by averaging the SOE and SUE from the third iteration. The
absorption extinction spectrum is obtained by subtracting the experimental TPPSs
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extinction spectrum with the estimated light scattering extinction spectrum (Figure 3.7
(H)).

Figure 3.7

Iteration PRS2 study for 423 nm TPPSs aggregate peak.

(A), (C), and (E) shows the calculated SOE and SUE using iterated PRS2 for the first,
second, and third time, respectively. (G) Wavelength dependence of calculated Err in
first, second, and third iteration. (D) The final light scattering extinction component
spectrum calculated by averaging the SOE and SUE from the third iteration in Figure 3.7
(E). (B) UV-vis extinction spectra. (F) (red) the experimental TPPSs extinction spectrum
and (black) the estimated absorption component spectrum obtained by subtracting the
estimated absorption extinction spectrum from the experimental TPPSs extinction
spectrum. (H) Calculated scattering (black), extinction (red), and absorption (blue) crosssection spectra.
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The combined UV-vis, SSF, PRS2 and BVPRS2 measurements enables the
quantification of the light extinction cross-section, scattering cross-section and
depolarization, as well as the scattering-to-absorption ratio for the 423 nm, 490 nm, and
710 nm peak for the TPPSs aggregates, and the fluorescence cross-section and
depolarization at 655 nm peak for the isolated TPPSs (Table 3.1).
Table 3.1

Quantification of optical activities of the isolated and assembled TPPSs.

Peak /nm [TPPS]a Ext

Flu

% SARd

e

PPRS2

f

PSSF

(µM)

( 10-16 cm2)b

( 10-18 cm2)c

423

10.00

3.10

NA

0.30

0.15

NA

435

0.20

18.70

NA

0.12

NA

NA

490

1.00

4.00

NA

19.50

0.15

NA

655

0.70

19.10

1.83

0.11

0.98

0.97

710

10.00

2.90

NA

1.40

0.15

0.50

a

nominal TPPS concentration of the samples used for specified peaks, bextinction crosssection and cfluorescence cross-section calculated using the nominal TPPS concentration,
and dpercentage scattering-to-absorption ratio calculated using the nominal TPPS
concentration. Calculated ePRS2 and fSSF depolarization.
3.6

Concentration dependence of the TPPS assembly
The concentration dependence of the TPPS UV-vis (Figure 3.8 (A) - (C)), SSF

(Figure 3.8 (D) - (I)), and PRS2 (3.8 (J) - (O)) spectra provides wealthy but highly
convoluted information on the TPPS assembly. The TPPS concentration varies from 0.05
µM to 3 µM in series of samples and the four least concentrations are 0.05 µM, 0.1 µM,
0.15 µM, and 0.2 µM. Figure 3.9 shows only the subset of the spectrum obtained with the
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specified concentrations, form the complete experimental TPPS UV-vis, polarized SSF,
and PRS2 spectra (Figure 3.8).

(H)

Figure 3.8

Concentration dependence of the TPPS assembly.

(A) UV-vis extinction spectra, (B) and (C) UV-vis extinction spectral intensity change at
435 nm, 490 nm, 655 nm, and 710 nm as a function of nominal TPPS concentration. (D)
and (E) SSF spectra “VV”, and (G) and (H) SSF spectra “VH” with 430 nm and 490 nm
excitations, respectively. (F) and (I) SSF spectral intensity change at 665 nm, and 710 nm
as a function of nominal TPPS concentration. (J) and (M) PRS2 spectra “VV” and “VH”,
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respectively. (K), (N) and (L), (O) PRS2 spectral intensity change at 423 nm, 490 nm and
655 nm and 710 nm, as a function of nominal TPPS concentration.
The threshold concentration for TPPS to produce have detectable PRS2 signal at
the 490 nm is 200 nM , but there is no detectable UV-vis peak at this wavelength for
samples with TPPS concentrations below 900 nM (Figure 3.9 (A)). This demonstrated
PRS2 method is more sensitive than UV-vis extinction in detecting the TPPS assembly.
The 200 nM threshold concentration for TPPSs to aggregate is to extraordinarily low for
a small molecule to form a self-assembled structure. As an example, the threshold FITC
aggregation concentration is 10 µM,42 which is 50 times higher than that for TPPSs.

Figure 3.9

Concentration dependence of the TPPS assembly at low TPPS
concentration.

(A) UV-vis extinction spectra, (B) and (C) UV-vis extinction spectral intensity change at
435 nm. (D) change of the isolated and aggregated TPPSs concentrations with nominal
TPPSs concentration, (E) scattering cross-section change with nominal TPPS
concentration and (F) PRS2 “VV” spectra. The concentration of TPPS samples are 0.05,
0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.7, 0.8, 0.9, and 1µM.
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The higher its nominal concentration, the more TPPSs are aggregated, and the
larger the size of the TPPSs aggregates. This conclusion is drawn on the basis of the
concentration dependent of the 435 nm UV-vis peak and the 490 nm PRS2 peaks. The
intensity of 435 nm UV-vis extinction peak of isolated TPPS is approximately linearly
dependent on the nominal TPPS concentration only when the TPPS concentration varies
from 0.05 µM to 0.2 µM (Figure 3.9 (B)). Large deviation appears when the TPPS
concentration is above 0.2 µM and it reaches a plateau when the nominal TPPS
concentration is 1 µM (Figure 3.9 (C)). Using the linear calibration curve derived with
the low concentration samples (Figure 3.9 (B)), one can estimate the concentration of the
isolated and aggregated TPPSs for all the samples with nominal TPPS concentrations
above 0.2 µM (Figure 3.9 (D)). The percentage of the TPPS aggregates increases from
less than 5% into more than 70% when the nominal TPPS concentration increases from
0.3 µM to 3 µM (Table 3.2).
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Table 3.2

Calculated isolated and aggregated TPPSs concentrations.

Nominal [TPPS]

Aggregated [TPPS]

Isolated [TPPS]

Percentage of

(µM)

(µM)

(µM)

TPPS aggregates

0.05

0.00

0.05

0.00

0.10

0.00

0.10

0.00

0.15

0.00

0.15

0.00

0.20

0.00

0.20

0.00

0.30

0.01

0.29

4.57

0.40

0.02

0.38

5.24

0.50

0.02

0.48

4.44

0.70

0.06

0.64

8.12

0.80

0.09

0.71

11.54

0.90

0.16

0.74

17.34

1.00

0.22

0.78

22.18

2.00

1.18.

0.82

59.17

3.00

2.21

0.79

73.52

The average size of the TPPS aggregates increased with increasing nominal TPPS
concentration is deduced from the TPPS light scattering cross-section measurements
(Figure 3.9 (E)). The nominal TPPS light scattering cross-section at 490 nm calculated
using the concentration of the aggregated TPPS monomer (not the molarity of the
aggregates (Table 3.2)) increase from 2.4 x 10-19 cm2 to 5.4 x 10-18 cm2 when the nominal
TPSP concentration increase from 0.3 µM to 3.0 µM. The light scattering activities of
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the aggregated TPPS in the more concentrated samples (2 µM and 3 µM) is even higher.
Unfortunately, their light scattering cross-section can’t be determined because its
scattering signal exceeds the saturation intensity of the Fluoromax-4 instrument used in
this study. Assuming the TPPS light scattering at 490 nm follows the Rayleigh scattering
model in which the scattering cross-section is proportional to the square of the scatterer’s
volume, the average size of the aggregated TPPS in a 1 µM sample is at least 5 times
larger than that in the 300 nM samples.
3.7

Porphyrin assembly and disassembly
The kinetics of TPPS assembly have been studied with UV-vis spectroscopic

method by monitoring 490 nm extinction peak as a function of the sample incubation
time.36 It was believed that porphyrin aggregation has an induction period because the
490 nm marker peak in the UV-vis appears only after relatively long sample incubation
period. After the initial induction, however, the TPPS aggregation proceeds as a selfaccelerating process, reaching for a steady-state within 10 to 5000 seconds. 36
Taking advantage of the high sensitivity of the PRS2 method in the detection of
the porphyrin aggregation, we conducted a head-to-head comparison of the kinetics of the
porphyrin assembly and disassembly under acidic pHs. The porphyrin assembly and
disassembly samples differ only in the way of the sample preparation as specified in the
experimental section, but their sample composition in terms of the HCl concentration,
ionic strengthen, and porphyrin concentration are approximately the same.
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Figure 3.10

Time-dependent study of TPPSs assembly and disassembly.

Time-dependent study of TPPS (Top) assembly and (Bottom) disassembly conducted
with the first 3 hrs’ of the sample incubation. The nominal TPPS concentration in both
samples is1.0 µM. (A) and (G) UV-vis extinction spectra, (B) and (H) PRS2 “VV” and
(C) and (I) PRS2 “VH”, spectra acquired at different time periods. (D) extinction crosssection intensity (black) and total extinction intensity (red) at 435 nm, (J) extinction
cross-section intensity at (black) 435 and (red) 490 nm, (E) and (K) scattering crosssection intensity at 490 nm as a function of time. (F) and (L) the light scattering
depolarization at 490 nm as the function of the time.
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Besides the difference in the analytical methodology, there are several other
differences between the kinetic study and that in earlier works. First, essentially all earlier
works focused on the porphyrin assembly alone, neither the possibility nor the kinetics of
the disassembly of the aggregated porphyrin has to our knowledge been investigated.
Second, their experimental time frames are very different. The longest time for
monitoring the porphyrin assembly is 1.30 hrs.36 In this work, the porphyrin assembly
and disassembly was monitored over a time-course of 193 days. The kinetics of the
porphyrin assembly and disassembly within three hours’ sample preparation were
monitored with time-dependent UV-vis and PRS2 spectral measurements with relatively
short interval (5 to 10 mins) between sequential measurements (Figure 3.10). The data
obtained with the long-term kinetics study was shown in Figure 3.11.This prolonged
kinetics study offered a series of new insights to porphyrin assembly and disassembly
processes that are impossible to obtain with existing methods.
Apparently, the PRS2 data indicated that both the porphyrin assembly and
disassembly occurs immediately after the samples are prepared (Figure 3.10). The 490
nm peak appears as soon as (within the measurement dead time of ~5 mins) the porphyrin
initially prepared in neutral pH is acidified and then monotonically increases during the
entire 3 hrs of the sample incubation time. Conversely, the 490 nm PRS2 peak in the
disassembly sample monotonically decreases after the sample is prepared by diluting a 10
µM TPPS solution in 0.6 M HCl into 1 µM by using 0.6 M HCl as the solvent.

50

Figure 3.11

Time-dependent study of TPPS association and dissociation up to 127 days.

PRS 2 ,corr
SSF ,corr
The (Top row) extinction spectra, (second row) I TPPS ,VV ( ) , (third row) I TPPS ,VV ( )

spectra with 430 nm excitation and (forth row) I TPPS ,VV ( ) with 490 nm excitation. TPPS
association (red) and dissociation (black) spectra with time (first column) 0 min, (second
column) 1 day, (third column) 15 days, (forth column) 75 days, (fifth column) 127 days,
and (sixth column) peak intensity change with the time.
SSF ,corr

The PRS2 data (Figure 3.10 (B) and (C)) obtained with TPPS assembly sample is
in sharp contrast to the UV-vis data (Figure 3.10 (A)) obtained with the same sample.
There is essentially no detectable spectral change at the TPPS monomer’s 435 nm or the
aggregate’s 490 nm UV-vis marker peaks during the entire initial three hours’ sample
incubation time. If one relies on the UV-vis data alone, one would mistakenly conclude
that there is no detectable TPPS aggregation at least within the three hours of the sample
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preparation. In contrast, the PRS2 data provide an unequivocal evidence that the rapid
TPPS assembly even at concentration as low as 1 µM.
The disassembly of the aggregated porphyrin can be readily deduced from the
time-dependent UV-vis and PRS2 measurements. The intensity of the TPPS monomer’s
435 nm UV-vis peak increases right after the sample preparation, while the 490 nm UVvis and PRS2 peak associated with the aggregated TPPS aggregate immediately
decreases with upon the sample dilution. Despite of their rapid onset, however, the
TPPS assembly and disassembly are extraordinarily lengthy processes that last at least for
four months. This is because the spectral features associated with the TPPS aggregates
including 490 nm UV-vis peak and PRS2 peaks, and the 710 nm fluorescence emission
peak all monotonically increases during 193 days’ sample incubation period in the TPPSs
assembly sample, but they all decreases in the TPPSs disassembly sample. The fact that
the UV-vis, PRS2, and SSF spectra of the TPPS assembling sample become increasingly
similar to their respective counterpart of the TPPS disassembling sample strongly
indicates that the TPPS assembly and disassembly are totally reversible processes. This
is in spite of the fact that it is an extraordinarily lengthy for these processes to reach an
equilibrium state. One important implication of this slow kinetics is that the conclusion
drawn from existing porphyrin studies commonly completed within a few hours’ sample
preparation are likely snapshots of the porphyrin aggregation and disintegration processes
that can be far from equilibrium.
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Apparently porphyrin disassembly is an extraordinarily complicated process. The
time-course of the 435 nm peak of the porphyrin disassembly sample indicates that the
amount of the monomeric porphyrin increases rapidly after diluting the concentrated
TPPS in acidic pH into lower concentration of the same pH, and then essentially
unchanged after the initial 10 mins of the sample incubation time (Figure 3.10 (K)). This
indicates the porphyrin has reached its equilibrium assembly and disassembly processed
in terms of the concentrations of the isolated and aggregated TPPS monomers. However,
the fact that the 490 nm PRS2 and UV-vs peak keeps changing indicates that the structure
of the TPPS aggregates during the entire 4 months’ experimental period. The fact that
the 490 nm peak keeps decreasing after the isolated monomers reaches its maximum
concentration indicates that the size of the TPPS aggregate keep decreasing while the
number of the aggregates increases. One possible scenario is that the porphyrin
disassembly is a two-step process. Initially, some large porphyrin aggregates are rapidly
disintegrated into the smaller isolated monomers or small TPPS aggregates. With the
prolonged sample incubation the remained large porphyrin aggregates shrinks in sizes by
transferring some TPPS constituents into the smaller TPPS aggregates. As such, the total
amount of the isolated TPPS monomers are unchanged, but the light scattering activities
of the aggregated TPPS decreases. This latter is due to that Rayleigh scattering crosssection is proportional to the square of the scatterer’s volume. Dividing larger scatterers
into smaller ones always lead to lower light scattering intensities.
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Definitive understanding the correlation between the time-course of the TPPS
light scattering cross-section and depolarization at 490 nm is difficult. The time course
of the light scattering depolarization of the TPPS assembling sample follows the first
order reaction scheme in which the scattering depolarization increases with initial 50
mins’ sample incubation, but remains as a constant after the initial 193 days of the sample
incubation. This is contrast to the everlasting increases of the TPPS light scattering at
this wavelength.
Earlier data showed that light scattering depolarization is very sensitive to the
scatterer’s geometry. Light scattering depolarization is very sensitive to the deformation
of spherical scatters to linear scatterers for both small solvent molecules as well as gold
nanoparticles (AuNPs). The spherical solvent molecules and AuNPs are essentially zero,
but the depolarization of the linear molecule and AuNPs can be as large as 0.5. The fact
the initially light scattering depolarization at 490 nm suggests that nanoscale ring has
negligible depolarization. However, its light scattering depolarization increases with the
TPPS rings assembled into the elongated tubular structures. Once the length of the tube
reaches a threshold value, further elongation of the tubes has no effect of the light
scattering of the TPPS aggregates. This explanation is consistent with the earlier
computational simulation performed with the AuNP as a function of its aspect ratio. The
AuNP light scattering depolarization increases initially when the aspect ratio of 1
(perfectly spherical) to ~ 2.5 (rod), and then remains as a constant when the rod is further
elongated. 65
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3.8

Conclusions
Using combination of UV-vis spectrophotometric measurements with the recently

developed PRS2 method, we have experimentally quantified the photon extinction,
absorption, and scattering cross-sections for TPPS solutions in acidic medium. Scattering
cross-section of the aggregate marker peak is increased when the amount of aggregation
increases with the increasing TPPS concentration. The observed monomeric UV-vis
extinction is due to predominantly to its photon absorption with no detectable photo
scattering, while the aggregate extinction spectra is due to both photo scattering and
absorption. The dispersed TPPS monomers exhibit strong fluorescence under the
resonance excitation conditions, while the PRS2 spectra of the TPPS aggregates are
dictated by their light scattering features. Monomeric and aggregated TPPS are in
equilibrium and they can either associate into larger aggregates or dissociate into
monomers. The insights provided in this study are important for molecular self-assembly
applications of dye molecules that involves photon/matter interactions, while the
provided methodology is directly applicable for experimental quantification of optical
properties of dye aggregates that are simultaneous photon absorbers, emitters, and
scatters.
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